ABSTRACT. We propose a new method based on the generalized SCIDAR principle to characterize the vertical distribution of the turbulence in the first few hundred meters above the telescope with a better vertical resolution than usually achievable by such an instrument. Using a wide binary star (35″ separation) and analyzing the spatiotemporal cross-correlation images, we achieve a C 2 N profile with a vertical resolution of a few tens of meters. We present the principle and the data-reduction process of this method and show first results obtained with a SCIDAR instrument mounted to the Vatican Advanced Technology Telescope (VATT) on the top of Mount Graham.
INTRODUCTION
The scintillation detection and ranging (SCIDAR) technique was first proposed by Rocca et al. (1974) to determine the refractive index structure function constant C 2 N ðhÞ, which is a measure for the vertical distribution and strength of the atmospheric turbulence above astronomical observatories. It is based on the analysis of the spatial autocorrelation (AC) of scintillation images generated by a binary star in the pupil plane of a telescope. The autocorrelation profile Aðr; ϑÞ along the axis of the binary is related to the vertical C 2 N ðhÞ profile by ln½Aðr; ϑÞ 4
with a kernel function F ðQÞ, which depends on the observing wavelength λ, the separation ϑ of the binary, the altitude h, and the zenith angle z. More details can be found in, e.g., Klückers et al. (1998) . With Aðr; ϑÞ determined from the measured scintillation images, the C 2 N ðhÞ profile can then be retrieved from an inversion of the integral equation (1) with, for example, the maximum entropy (Avila et al. 2000) or conjugate gradient method (Egner et al. 2007 ).
The original SCIDAR method (also known as classical SCIDAR) was insensitive to the turbulence near the ground or inside the dome. With the extension proposed by Fuchs et al. (1998) to place the detector to a conjugated plane h GS below the ground, this so-called generalized SCIDAR (G-SCIDAR) is capable of measuring the C 2 N ðhÞ profile of the whole atmosphere. In the last few years, the G-SCIDAR technique was implemented in a number of instruments, and extensive observation campaigns were performed at various astronomical observatories (Racine & Ellerbroek 1995; Avila et al. 1997; Klückers et al. 1998; Vernin et al. 2000; Prieur et al. 2001; McKenna et al. 2003; Fuensalida et al. 2004; Sadibekova et al. 2006 ). Recently we started an intense characterization of the vertical turbulence distribution with a G-SCIDAR instrument above Mount Graham, the site of the Large Binocular Telescope (LBT). First reliable results are summarized in Egner et al. (2007) . The G-SCIDAR technique can therefore today be considered as an established method to routinely measure the vertical C 2 N ðhÞ profiles with a typical vertical resolution of ≈1 km ( § 2).
In spite of the fact that the G-SCIDAR reliably delivers turbulence profiles with a vertical resolution of Δh GS ð0Þ ≈ 1 km, it would certainly be interesting to improve the resolution, because the typical thickness of optical turbulent layers is of the order of a few or tens of meters, as observed with dedicated microthermal sensors mounted on radiosondes and measuring the C 2 N profile with a vertical resolution of a few meters (Azouit & Vernin 2005) . The knowledge of the height and the strength of individual layers is particularly useful for some applications, such as the design and development of ground layer adaptive optics (GLAO). Since a GLAO system is aiming at a correction over a wide field of view, it is particularly sensitive to the position and strength of the individual turbulent layers and especially to the detailed structure of the ground layer, which usually contains most of the turbulence (e.g., Tokovinin & Travouillon 2006; Egner et al. 2007 ).
The optimization of such a GLAO system thus requires a vertical resolution in the C 2 N profiles of better than 1 km. In this paper we investigate the possibility of achieving better vertical resolutions (at least in some regions of the atmosphere) using a G-SCIDAR instrument. A new method is presented, achieving a vertical resolution of a few tens of meters in the first several hundred meters above the ground. For completeness, we remind the reader that other techniques that achieve a high vertical resolution near the ground have been proposed before now, including MAST, SODAR (Travouillon 2006) , and high-resolution SCIDAR monitors (Avila & Chun 2004) . MAST and the SODAR do not measure the optical effects of the turbulence, and they require delicate calibration procedures. The high-resolution SCIDAR monitors have the advantage of being conceived as a monitor and therefore of being able to run in an automatic way for a long time period. Our system has the advantage of providing an intrinsic validation of the measurements, an automatic calibration of the instrument, and an even higher vertical resolution. This means that, unlike other methods, we do not need to validate our measurements against those obtained by a different instrument taken as a reference.
After this introductory section, the next section gives an overview of the limitation in the vertical resolution of the SCIDAR technique. The theoretical concept of this new method to measure C 2 N profiles with a higher vertical resolution is then described in § 3. In § 4, we will discuss how the method can be used with an already existing G-SCIDAR instrument to retrieve high-resolution turbulence profiles near the ground, and we show first results obtained at Mount Graham in § 5. A summary in § 6 concludes this paper.
G-SCIDAR VERTICAL RESOLUTION
As already mentioned, the conventional G-SCIDAR technique relies on the analysis of the autocorrelation images of scintillation images in the pupil plane of the telescope. The vertical resolution Δh GS of the C 2 N profiles obtained with a G-SCIDAR in this way is given by (Prieur et al. 2001 )
and depends on the wavelength λ, the angular separation of the binary ϑ, the altitude h of the turbulent layer above the ground, and the altitude h GS of the conjugation plane of the detector. The vertical resolution is limited by the fact that the correlation peak in the AC image produced by a single turbulent layer has a certain width [Δh GS ðhÞ as defined in eq. (2)]. As illustrated in the next section, if the vertical separation of two turbulent layers is too small, their respective peaks in the AC profile overlap, and the two individual layers can no longer be resolved. For typical observing parameters (λ ¼ 0:5 μm, 3″ < ϑ < 14″, and h GS ¼ À3:8 km), the resulting vertical resolution at the ground is Δh GS ð0Þ ≈ 1000 m. No information on vertical structures smaller than Δh GS can thus be extracted from such a C 2 N profile. For comparison, the vertical size Δh p corresponding to one pixel on the detector in the AC image and along the axis of the binary can be calculated from simple geometry and is given by
This depends on the number n pixel of detector pixel across the telescope pupil image and the telescope diameter D tel . Usually n pixel is chosen such that Δh p is similar to Δh GS , which can be accomplished, for example, by binning the CCD. Binning the CCD also helps reduce the image processing requirements and keep the photon noise small. It does not result in a loss of vertical resolution, as long as Δh p is smaller than Δh GS ð0Þ.
The vertical resolution Δh GS ð0Þ due to scintillation at the ground and the vertical size of one pixel Δh p as a function of the separation of the observed binary star is summarized in Figure 1 for the parameters of the used SCIDAR instrument. With the primary of the Vatican Advanced Technology Telescope (VATT) having a diameter of 1.75 m, the optimal separation (resulting in a vertical resolution of better than 1 km at the ground and a maximum attainable height of more than 20 km) of the binary used for the G-SCIDAR is between 6″ and 10″. It can also be seen that in our case (CCD with 256 × 256 pixel), FIG. 1.-Achievable vertical resolution at the ground and the maximum attainable height above the conjugation plane of the detector versus the separation of the binary used for the G-SCIDAR observations. By choosing reasonable numbers for the desirable resolution at the ground and the maximum altitude, the range for the optimal separation of the binary for conventional operation of the Generalized SCIDAR is for a telescope of 1.75 m diameter between 6 and 10 arc sec. See the electronic edition of the PASP for a color version of this figure. the vertical size Δh p corresponding to one pixel is much smaller than the intrinsic vertical resolution Δh GS ð0Þ of the G-SCIDAR.
THEORETICAL CONCEPT OF THE HVR-GS TECHNIQUE
As explained in the previous section, the vertical resolution Δh GS of the G-SCIDAR is limited by the size of the correlation peaks in the AC images. If the peaks associated with different turbulent layers could be somehow separated, the vertical resolution might be improved. Such a possibility is given by analyzing the spatiotemporal CC images for the calculation of the C 2 N ðhÞ profiles, in combination with the spatial AC images. When the wind speed in two layers is different, the corresponding peaks in the CC images are no longer only separated by their different heights, but also by their different wind speed and wind direction. As illustrated in Figure 2 , in the CC images, the lateral correlation peaks associated with different layers are no longer only displaced along the axis of the binary, but, under favorable conditions, the complete correlation triplet is also shifted by the wind speed v wind of the layers. In contrast, the lateral peaks of the individual layers overlap in the AC image, making it impossible to resolve the single layers.
The shift Δs of the correlation triplets with respect to the center of the CC image is given by
where v wind is the wind speed and ΔT CC the temporal lag used for the calculation of the cross-correlation image. The separation d triplet in pixel of the lateral peaks for each triplet is related to the height h layer of the turbulent layer and can be derived from equation (3) via
Because for a given binary star and SCIDAR instrument, D tel , n pixel , and ϑ are fixed, the vertical resolution Δh layer is then only limited by the accuracy to determine the distance d triplet of the lateral peaks for each triplet. For a peak sampled with at least a few pixels, the center position can usually be determined with an uncertainty that is much smaller than the FWHM of the peak. Since this FWHM of the correlation peaks is the limiting factor for the vertical resolution in conventional operation of the G-SCIDAR (i.e., by analyzing the AC images), analyzing the center position of the correlation peaks in the CC images thus offers the prospect to increase the vertical resolution by a significant factor. The new high vertical resolution G-SCIDAR (HVR-GS) method, presented in this paper, relies on this approach for determining the C 2 N ðhÞ profiles. With the HVR-GS method, the altitude h i of the single layers can be thus determined more precisely than with conventional G-SCIDAR. However, it is not possible to get the C ðh i Þ from the CC images, the measured intensities I i of the central peak of each triplet in the CC images are scaled with a common factor f scale to get the same total amount of turbulence as measured with the corresponding C N;AC ðh i Þ, retrieved from the AC images and corrected for the dome seeing (Egner et al. 2007) :
where h GL is the height of the highest layer identified in the CC images. The intensity I i of the central peaks of the triplets (in the absence of smearing due to wind shear) depends on the 5/6 power of the height h of the turbulent layer above the telescope (Roddier 1981) and has thus to be considered in equation (6). Furthermore, the thickness Δh i of all turbulent layers was assumed to be the same for all layers, which seems to be valid for our observations (see § 5). A justification for using a common scaling factor in equation (6) is given in § 4 and Figure 3 . Summarizing, in equation (6), C 2Ã N;AC is calculated from the AC images, h i is determined from the separation d i of the lateral peaks for each triplet, and I i is the measured intensity of the central peak for each triplet. Using these inputs, the scaling factor f scale can be determined via equation (6) for each CC frame. The value of C 2 N;CC ðh i Þ for the individual turbulent layers is then given by
Similarly, the seeing in the individual layers can be determined via
ON-SKY METHOD VALIDATION
The G-SCIDAR observations for the on-sky validation of the HVR-GS method were obtained with the G-SCIDAR instrument developed by McKenna et al. (2003) , mounted to the VATT telescope (West et al. 1997) . As illustrated in Figure 4 , the VATT is located ≈250 m west of the LBT on the top of Mount Graham in Arizona.
A wide binary was observed for roughly 1 h per night during 2 nights in 2005 May and December. The observed binary star in May was β Cyg and in December ψ Psc, with a separation of 35″ and 30″, respectively (Table 1) . By using such a wide binary, the achievable vertical resolution can already be improved by a factor of 5, even with the G-SCIDAR in conventional configuration, compared to a standard binary with a separation ϑ of 7″ (eq. [2] and Fig. 1 ). With the conjugation height h GS set to À3800 m, the resolution Δh GS ð0Þ of conventional G-SCIDAR is ≈200-230 m at the ground (eq. [2]) and the maximal achievable height h max is 1360 m and 2220 m, respectively (Fig. 1) . For the HVR-GS, one pixel on the detector corresponds to a vertical range Δh p of 45 and 52 m for these binaries, respectively (eq. [3]).
In contrast to conventional G-SCIDAR operation, in which typically 6000 scintillation images (corresponding to ≈1 minute) are averaged to get one AC and CC image; for the HVR-GS method, only 500 frames were used. The reason of this choice is to limit the smearing of the correlation peaks in the CC image due to a variation in the wind speed and wind direction during the averaging time. Fig. 2 shows a typical CC image and the identified triplets, with the retrieved height and wind speed of the associated turbulence layer indicated. The first step in the data-reduction process was to select from all measured CC images the frames, in which the correlation peaks have a circular shape. The other frames were discarded, because in these cases it would not be possible to distinguish between a vertical extent of the turbulent layer and a variation of the wind speed and wind direction during the averaging time. Furthermore, the center positions and the intensities of the single correlation peaks would be impossible to determine precisely.
In the second step, all peaks in the selected CC images were fitted with a two-dimensional Gaussian to determine their central position. The accuracy of this procedure was determined by using the correlation triplet associated with the dome. This triplet is always at the same altitude and is not shifted due to the wind, and should thus always give the same center positions of the three correlation peaks. When repeating the fitting procedure for different CC images, the standard deviation of the peaks' center positions for this triplet was determined to be ≈0:4 pixel. According to equation (5), the accuracy in determining the center position of the lateral peaks limits the achievable vertical resolution of the HVR-GS method. Due to error propagation, the error in the separation of the two lateral peaks, and thus the altitude of the turbulent layer, is a factor of ffiffi ffi 2 p larger than the uncertainty in the position of the individual peaks. Using equation (3), the vertical resolution h HVR-GS can thus be calculated via
For a binary separation ϑ of 35″ and n pixel ≈ 230 pixel across the pupil image, this results in a vertical resolution Δh HVR-GS ≈ 25 m, which is a factor of 40 better than for the G-SCIDAR in the conventional configuration (eq.
[2]). For each set of scintillation images, the intensity I i of the central peak of each triplet in the resulting CC image was determined. Furthermore, the C 2 N;AC ðhÞ profile was determined from the associated AC image with the same data-reduction algorithm as in conventional G-SCIDAR, including the correction for the dome seeing. This procedure is described in detail in Egner et al. (2007) and is not repeated here. With the retrieved C 2 N;AC ðhÞ profiles, the scaling factor f scale was calculated from equation (6). The highest turbulent layer visible in the measured CC images was located at an altitude of ≈600 m; thus, h GL ¼ 600 m was chosen as the upper limit for the integration in equation (6). Finally, by using equations (7) and (8) To verify the approximation of using one common scaling factor f scale in equation (6), we determined the intensities of the central peak of all the triplets in spatiotemporal CC images, taken with various lag times between 20 and 60 ms. Figure 3 shows these intensities for the three most turbulent layers as a function of the lag time in the CC images. The slope of a linear fit is the same for the three layers, which means that the temporal decorrelation of these three layers is the same. Therefore, the ratio of the intensities between the individual layers remains the same, independent of the temporal lag used for the calculation of the CC images. This in turn means that the intensities of the correlation peaks in the CC images can be scaled with a common factor (f scale ) for the calculation of the seeing in these layers as in equations (6) through (8), without changing the relative contributions of the individual layers. We reiterate that the total value of the C 2 N is determined from the AC images and thus independent of the temporal decorrelation of the individual turbulent layers. Therefore we do not need to validate the results, i.e., to verify that the total turbulent energy obtained in the slab 0 À h GL is correct and equivalent to what we would find with a conventional G-SCIDAR, because the total turbulent energy in this slab is calculated from the AC images.
RESULTS AND DISCUSSION
From the data taken with the wide binary, the C 2Ã N;AC ðhÞ profiles can be retrieved with the data-reduction pipeline from the AC images, just as in conventional G-SCIDAR. Figure 5 shows the temporal evolution of the C A plot of the equivalent seeing in the individual layers for all measured high-resolution C 2 N;CC ðhÞ profiles retrieved with the HVR-GS method for one night appears in Figure 6 . In this profile, a weak layer at the height of the VATT is visible, and the most turbulent layer is located at an altitude of ≈50 m above the ground. Above this strong layer at ≈50 m, the strength of the FIG. 5.-Temporal evolution of the C 2Ã N;AC ðhÞ profile as determined from the autocorrelation images when using a wide binary with a separation of 35″. This is the conventional G-SCIDAR result with a vertical resolution of ≈180 m at the ground. See the electronic edition of the PASP for a color version of this figure. turbulence drops rapidly, with only two more distinct turbulent layer at altitudes of ≈500 m and ≈1000 m. The heights of these layers match the layers seen in the C 2Ã N;AC ðhÞ profiles as determined from the AC images (Fig. 5) . This provides us a further confirmation of the reliability of the HVR-GS method.
From the mean turbulence profile shown in Figure 6 , it can be seen that the ground layer apparent in the C 2Ã N;AC ðhÞ profiles obtained with conventional G-SCIDAR (Fig. 5) is actually composed of many thin layers. Because the CC correlation peaks associated with individual layers are in our observations not extended along the binary axis, but have their intrinsic width, it seems that these layers are even thinner than the vertical resolution of the HVR-GS method, and are thus < 25 m thick. This confirms results obtained by balloon measurements (for a recent summary see Azouit & Vernin 2005) .
As can be seen from the schematic topography of the Mount Graham summit, shown in Figure 4 , the primary mirror of the LBT is ≈30 m above the ground, or ≈35 m above the VATT. Assuming the same C 2 N profile at both sites, starting from the local ground, and thus a horizontal uniform distribution of the turbulence, LBT's primary mirror is above the first weak layer, identified close to the VATT. However, LBT's primary mirror is still below the strong layer at ≈50 m above the ground. Using the average normalized cumulative C 2 N;CC profile CðhÞ
retrieved from a combination of HVR-GS (in the first 600 m above the ground as shown in Fig. 6 ) and conventional G-SCIDAR (above 600 m above the ground, as plotted in Fig. 5 ) measurements, the contribution of the ground-layer turbulence to the total atmospheric turbulence can be studied in more detail. The resulting CðhÞ plotted in Figure 7 indicates that 50% of the total atmospheric turbulence is below 168 m above the ground. Using the CðhÞ, the average seeing in the 30 m altitude difference between the ground and the primary mirror of the LBT can also be estimated. From the high-resolution profiles C tions at a mountain-top observatory with the steep gradient in the wind speed close to the ground, such a small difference in the wind speed is the rule rather than the exception.
As already mentioned in § 4, the extraction of the turbulence profile with the HVR-GS method is not possible for all CC images. As explained in that section, fluctuations of the wind speed and direction cause a smearing of the correlation peaks in the CC images. For an accurate determination of the altitude and the C 2 N value of the turbulent layers, the ≈10% of the CC images with well-defined correlation peaks thus have to be used. The same effect also limits the efficiency of determining the dome seeing and wind speed profile from SCIDAR CC images, as described in Avila et al. (2001) . To estimate if this causes a selection bias, we compared the seeing determined from the C 2Ã N;AC ðhÞ profiles, obtained with the conventional G-SCIDAR method, for the times when an extraction with the HVR-GS method was possible and when it was not. The median seeing in the first 2 km for all C 2Ã N;AC profiles shown in Figure 5 is 0.64″, with a standard deviation of 0.10″. Considering only those C 2Ã N;AC profiles, when an extraction with the HVR-GS method from the associated CC images was possible, the seeing is 0.66″ with a standard deviation of 0.10″. The HVR-GS method does therefore not favor particularly good or bad seeing conditions.
We note that the HVR-GS method is sensitive only to strong turbulent layers, with C 2 N values typically larger than ≈10 À16 m À2=3 (Fig. 6 ). This is because the lateral correlation peaks have to be clearly visible in the CC images to determine the altitude of the layer. As apparent in Figure 3 , the temporal lag of the CC images further reduces the signal-to-noise ratio in the CC images, thus reducing the detection sensitivity of weak turbulent layers.
The turbulence profiles shown in Figures 6 and 7 stress the importance of the actual position of a telescope on a mountain and the height of the telescope above the ground. A difference of 50 m in height can make a large difference in the resulting atmospheric seeing and thus image quality.
CONCLUSION
We presented a new method to determine the C 2 N profile in the first 2 km above the telescope with a vertical resolution of ≈25 m. This high-vertical resolution method (HVR-GS) is based on the generalized SCIDAR (G-SCIDAR) technique, but contrary to conventional G-SCIDAR operation, it relies both on the analysis of the spatiotemporal cross-correlation images and on the spatial autocorrelation images, instead of only the spatial autocorrelation images, and on using a wider binary star (with a separation of around 30″). Under typical wind conditions, that is a difference in the wind speed of close turbulent layers of ≳1 m s À1 , the HVR-GS method offers an improvement of the vertical resolution by a factor of ≈40 compared to conventional G-SCIDAR, and provides reliable measurements of the strength of the turbulent layers in the ground layer. The basic concept of this method and how to retrieve the C 2 N profiles and the equivalent seeing in the individual layers are shown in this paper.
First on-sky results of the HVR-GS method obtained with a G-SCIDAR instrument mounted to the VATT on Mount Graham were shown. The observed turbulent layers are rather thin (< 25 m), confirming the measurements by balloons. Usually a weak turbulent layer was located just above the dome of the VATT, and the most turbulent layer was located at ≈50 m above the VATT. Assuming that the turbulence profile at the LBT is the same as that measured at the VATT, this translates into an typical improvement of the seeing by 0.08″ in the visible (λ ¼ 0:5 μm) above the primary mirror of the LBT, which is ≈30 m above the ground. Furthermore, the observed internal structure of the ground-layer turbulence underlines the sensitivity of the achievable image quality on the actual position of the telescope on a mountain: 50 m difference in height can have a large impact.
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